nomic Ty1 mRNA encodes a truncated Gag protein (p22) that is cleaved by Ty1 protease to form p18. p22/p18 strongly inhibits transposition and can be considered an element-encoded restriction factor. Here, we show that only p22 and its short derivatives restrict Ty1 mobility whereas other regions of GAG inhibit mobility weakly if at all. Mutational analyses suggest that p22/p18 is synthesized from either of two closely spaced AUG codons. Interestingly, AUG1p18 and AUG2p18 proteins display different properties, even though both contain a region crucial for RNA binding and NAC activity. AUG1p18 shows highly reduced NAC activity but specific binding to Ty1 RNA, whereas AUG2p18 shows the converse behavior. p22/p18 affects RNA encapsidation and a mutant derivative defective for RNA binding inhibits the RNA chaperone activity of the C-terminal region (CTR) of Gag-p45. Moreover, affinity pulldowns show that p18 and the CTR interact. These results support the idea that one aspect of Ty1 restriction involves inhibition of Gag-p45 NAC functions by p22/p18-Gag interactions.
INTRODUCTION
The Saccharomyces Ty1 element belongs to a widely disseminated group of retrotransposons with pronounced structural and functional similarities to retroviruses, except Ty1 transposition is not infectious (1, 2) . Ty1 contains GAG and POL genes bracketed by long-terminal repeats (LTRs). The element is transcribed from LTR to LTR, forming a genome-length terminally redundant RNA that serves as templates for reverse transcription and protein synthesis (3) . Dimeric Ty1 RNA is packaged into virus-like particles (VLPs) (4) comprised of the capsid protein Gag and Gag-Pol, a large precursor synthesized by a programmed +1 frameshift event that occurs at overlapping leucine codons present in GAG and POL (5) . POL encodes protease (PR), reverse transcriptase (RT) and integrase (IN), which are required for protein maturation (6) , replication and integration, respectively. The process of Ty1 retrotransposition is completed by integration of a linear cDNA near genes transcribed by RNA polymerase III (7) .
A universal feature of retrotransposon and retrovirus propagation is a series of nucleoprotein interactions mediated by Gag or its mature products. However, Ty1 Gag lacks homology with the subdomains present in Gag from well studied avian, murine and human retroviruses (8) . In particular, Ty1 Gag does not contain the zinc-finger motif present in all retroviral nucleocapsid (NC) proteins with the exception of Foamy virus (9, 10) and the Drosophila Gypsy retroelement (11) . The nucleic acid chaperone (NAC) function of Gag and mature NC are required for RNA dimerization, packaging, annealing of the tRNA primer to retroviral RNA, strand-transfer during reverse transcription, retroviral recombination and cDNA integration (10) . NAC proteins function in an adenosine triphosphate (ATP) independent manner. They bind nucleic acids (NA) with broad specificity, destabilize kinetically trapped, misfolded structures and facilitate their folding to the thermodynamically most favored form. Once the most stable NA structure is reached, their binding is no longer required (12) . NAC proteins generally do not share common sequence motifs or specific 3D structures. Thus, biochemical assays are required to identify proteins with NAC activity. Since they may act in the sequence independent manner, oligonucleotides derived from HIV-1 genome are usually utilized in chaperone assays. In vitro studies demonstrated that key features of retroviral NAC activities are NA aggregation, destabilization and rapid binding kinetics (13) (14) (15) .
The primary Ty1 Gag translation product is a 440 amino acid protein (p49), which undergoes C-terminal cleavage by PR to form the mature capsid (p45) and a small peptide (p4) that has not been detected in VLP preparations or cell extracts (1) . Gag variants with altered mobility are also present. These Gag-related products migrate between p49 and p45 and may result from post-translational modifications or additional cleavage events (16) , but have not been functionally defined. Mutational analyses have revealed Gag residues that contribute to VLP assembly and morphology and immunological probing suggests that the Gag N-terminal region (NTR) is located on the surface of VLPs, while the C-terminus is internal (17, 18) . Alignments of Gag proteins from the Pseudovirus superfamily reveal three conserved blocks of amino acids, termed A, B and C, as well as several invariant amino acids (19) , which may be important for protein-protein interactions required for VLP assembly and are located in the C-terminal half of Gag. A nucleocapsid functionality may also reside in the N-terminus of PR that is distinct from proteolytic cleavage (20) . Cristofari et al. used theoretical charge profiles to identify a short C-terminal segment of Gag-p45 containing three stretches of basic amino acids (21) . A 103 residue synthetic peptide (TYA1-D) from Asn299-His401 derived from this region possesses NAC activity in vitro using model substrates. Peptide TYA1-D promotes annealing of initiator tRNA i Met to the Ty1 primer-binding site (PBS). Recent work has shown that a truncated form of Gag (p22) or a form processed by PR (p18) inhibits Ty1 transposition and mediates copy number control (CNC) by preventing assembly of functional VLPs (22) . Therefore, the self-encoded inhibitor from Ty1 is conceptually similar to the Gag-like restriction factors derived from mammalian retroviruses (23, 24) . An internally initiated Ty1 transcript (Ty1i) encodes p22, however, two closely spaced AUG codons AUG1 and AUG2 may be utilized to initiate p22 synthesis. Co-expression of Ty1 and p22 from AUG1 results in association of p22 with VLPs and Gag p49/p45, the appearance of morphologically aberrant VLPs, and a dramatic inhibition of Ty1 movement. p22 lacks the conserved A-C domains but contains the TYA1-D peptide sequence, and therefore, may possess an RNA chaperone activity involved in CNC.
In this work, we have taken a multifaceted approach to further understand the functional organization of GAG with emphasis on the NAC domain and how p22/p18 inhibits Ty1 transposition. We show that p22 synthesis initiates at either of two closely spaced AUG codons both in vivo and in vitro, translation of Ty1i RNA is cap-dependent, and only the p22 region is capable of strongly inhibiting transposition. Information from these studies was used to produce recombinant Gag-derived proteins for RNA interaction analyses in vitro. We demonstrate that the C-terminal disordered region (Asn355-His401) is critical for RNA binding and NAC activity of Ty1 Gag derivatives. Biochemical assays reveal that p18 proteins are less effective chaperones than the C-terminal region (CTR) of Gag-p45. Moreover, the chaperone activity of p18 proteins synthesized from AUG1 (AUG1p18) and AUG2 (AUG2p18) differs significantly. Despite those differences, the p18 proteins and CTR bind within the same regions of Ty1 RNA. Finally, we provide evidence suggesting that the Ty1 restriction factor inhibits NAC activity of the CTR, physically interacts with the CTR and decreases Ty1 RNA dimerization and packaging into VLPs.
MATERIALS AND METHODS

Genetic techniques, media and plasmid construction
Standard yeast media and microbiological procedures were used (25) . Ty1 nucleotide coordinates correspond to the retrotransposon Ty1-H3 sequence (Genbank M18706.1). For expression studies, segments of Ty1-H3 GAG were amplified by polymerase chain reaction (PCR) using Phusion DNA Polymerase and conditions recommended by the manufacturer (Thermo Fisher Scientific). The primers used for constructing expression plasmids are listed in Supplementary Table S1 . For pGPOL related plasmids, the XhoI/BglII region (Ty1 238-1702) was replaced with AUG1 and/or AUG2 containing fragments created by overlap PCR using the A-outGAL1F and D-PR1R primer sets. EcoRI/XhoI GAG segments were subcloned into pYES2 (Life Technologies, Thermo Fisher), a multicopy URA3-based expression vector containing the GAL1 promoter. For His-tagged protein purification in BL21 Escherichia coli, NdeI/XhoI GAG segments were inserted into pET15TEV (Novagen EMD). For pulldown analysis, XbaI/HindIII CTR segment was subcloned into pEG(KT) (pGST/URA3, 2 ) (26). pBDG1608 (pAUG1p18/TRP1, 2 ) and pBDG1612 (psAUG1/TRP1, 2 ) were made by converting URA3 on pAUG1p18 and psAUG1 to TRP1 by homologous recombination. PCR products were verified by DNA sequencing.
Ty1his3-AI mobility
Ty1 retrotransposition was monitored using the selectable indicator gene his3-AI (27) . Ty1HIS3 insertions usually occur by retrotransposition following splicing of the artificial intron. Since His + cells can also result from recombination of Ty1HIS3 cDNA with genomic Ty1 elements or solo LTRs (28, 29) , the term Ty1 'mobility' is used to describe both types of insertion. pGPOL /URA3, 2 or related plasmids were transformed into a Ty1-less Saccharomyces paradoxus strain [DG2196; (MATa his3-Δ200hisG ura3 trp1 Ty1his3-AI(96)] repopulated with 1 Ty1his3-AI element (30) . pGTy1his3-AI/TRP1,Cen and pYES2 containing various segments of GAG were transformed into the Ty1-less S. paradoxus strain [DG3582; (MATα, his3-Δ200hisG, ura3, trp1) (22) ]. The frequency of Ty1his3-AI mobility was determined as described previously (22) . Ty1 mobilities were averaged from 4 single colonies (8 cultures) for strains expressing segments of GAG and pGTy1his3-AI and from 34 colonies (68 cultures) for the control strain that contained an empty pYES2 vector and pGTy1his3-AI.
Northern analysis
DG3582 containing pGTy1his3AI and a pYES2-GAG plasmid were inoculated in 1 ml of SC-Ura-Trp + 2% Raffinose and grown overnight at 30 • C. Four-hundred microliters of the overnight culture was inoculated into 10 ml SC-Ura-Trp + 2% Galactose and grown at 22 • C for 2 days. Total RNA was extracted using MasterPure yeast RNA purification kit (Epicenter Biotechnologies). Eight micrograms samples of RNA were separated by electrophoresis on a 1.5% agarose-formaldehyde gel at 120V for 2.5 h and blotted onto Hybond-N + (GE Healthcare). To detect Ty1 and ACT1 mRNAs, strand-specific riboprobes were labeled with [␣-32 P] UTP (3000 Ci/mmol) (Perkin Elmer) by transcription in vitro using MAXIscript (Ambion), according to the manufacturer's instructions. Filter hybridization was performed at 65 • C overnight and detected using a Storm 840 phosphoimager (GE Healthcare).
Immunoblotting
Total protein was extracted by trichloroacetic acid (TCA) as described previously with minor modifications (20) . Twomilliliter cultures induced with galactose for 2 days were resuspended in 120 l 17% TCA and vortexed with the same amount of glass beads (Sigma) for 5 min. After adding 1 ml 5% TCA, 1 ml of the supernatant was centrifuged at 10 000 rpm for 10 min at 4 • C. The pellet was resuspended in 150 l of Laemmli buffer (BioRad) containing 0.5 M Tris-HCl, pH 8.0. Two microliter protein samples were boiled for 8 min, separated by electrophoresis on a 15% sodium dodecyl sulphate (SDS)-Polyacrylamide gel at 120V for 1.5 h and transferred to Immun-Blot PVDF membrane by Trans-blot SD Semi-Dry Transfer Cell system (BioRad). The membranes were blocked in TBST buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.5) with 5% (w/v) powdered milk (LabScientific) and incubated with a rabbit polyclonal antiserum against AUG2p18 (Gag M259-H401) (22) or a mouse monoclonal antiserum against Gag E25-D34 (Sigma). Immune complexes were detected by ECL (Amersham) and HyBlot ES film (Denville).
Purification of Gag derivatives
Synthesis of recombinant proteins was induced in E. coli BL21 cells carrying pET15TEV-GAG derivatives by adding 0.15 mM IPTG in 800 ml LB + 100 g/ml ampicillin (Sigma) at 16 • C for 24 h. The collected cells were resuspended in 50 ml lysis buffer (1 M NaCl, 50 mM phosphate buffer, pH 7.8) and lysed by sonication. The His-tagged Gag derivatives were purified by metal-chelate column chromatography using Talon affinity resin (Clontech) and eluted with lysis buffer containing 300 mM imidazole (Sigma). The eluted products were dialyzed against storage buffer (10% glycerol, 1 M NaCl and 25 mM Tris-HCl, pH 8.0) for 12 h at 4 • C. Proteins were stored at −75 • C. A synthetic peptide corresponding to nucleotide residues 1038-1068 of GAG (MK-ILSKSIEK) was purchased from ThermoFisher Scientific.
In vitro translation
All DNA templates for in vitro translation studies were amplified from pBDG433 using following forward primers F-AUG1AUG2, F-GCG1AUG2, F-AUG1GCG2 and reverse primer R-p22 ( Supplementary Table S2 ). Forward primers for GCG1AUG2 and AUG1GCG2 introduced point mutations (AUG to GCG) at AUG1 or AUG2, respectively. The transcription reaction using MEGAscript T7 Transcription Kit was performed as recommended by the manufacturer (Invitrogen). The RNA transcripts were purified using Direct-zol RNA MiniPrep Kit (Zymo Research). The integrity of each transcript was confirmed by agarose gel electrophoresis. Capped RNA transcripts were synthesized using ARCA Cap Analog (Invitrogen) or nonphysiological ApppG cap (Ambion). In vitro translation experiments were carried out in a wheat germ extract (WGE; Promega) following the manufacturer's protocol. Briefly, the reaction mixture containing 12.5 l of WGE, 80 M amino acid mixture minus methionine, 1.25 l of [ 35 S]methionine (1000 Ci/mmol) (Hartmann Analytic), 79 mM potassium acetate, 20 units of RNasin Ribonuclease Inhibitor (Promega), 1 pmol of capped (ARCA or ApppG) or uncapped RNA in the final volume of 25 l was incubated for 60 min at 25 • C. For experiments with the cap analog as an inhibitor of cap-dependent translation, WGE was pre-incubated for 15 min at 25 • C with 500 M cap analog and equimolar amounts of magnesium acetate. Translation products were resolved on SDS-polyacrylamide gels followed by radioisotope imaging with FLA 5100 image analyzer (FujiFilm).
DNA and RNA substrates
TAR(−) DNA [5 -GGG TTC CTT GCT AGC CAG AGA GCT CCC GGG CTC GAC CTG GTC TAA CAA GAG AGA CC-3 ] and TAR(+) DNA [5 -GGT CTC TCT TGT TAG ACC AGG TCG AGC CCG GGA GCT CTC TGG CTA GCA AGG AAC CC-3 ] corresponding to the trans-acting responsive (TAR) element sequence of HIV-1 MAL were purchased from Genomed. The templates for transcription of HIV-1 TAR RNA and tRNA i Met were PCR-generated and RNAs were synthesized using T7-MEGAshortscript (Ambion). Transcripts were purified by denaturing gel electrophoresis (8 M urea) in 1× Tris-Borate-EDTA (TBE) buffer, eluted from the gel matrix and concentrated by ethanol precipitation. Purified RNAs were dissolved in sterile water and stored at −20 • C. TAR(−) DNA was 32 P-labeled at the 5 -end using [␥ -32 P] ATP (3000 Ci/mmol) and T4 polynucleotide kinase (Fermentas) following manufacturer's protocol and subsequently purified on NucAway Spin Columns (Life Technologies). The in vitro synthesized, unmodified yeast tRNA i Met was 3 -end labeled with [␣-32 P] pCp using T4 RNA ligase (Fermentas) and purified on G50 columns (GE Healthcare). Templates for in vitro transcription of Ty1 mini RNA (560 nt) (31, 32) were obtained by PCR amplification of the fragment corresponding to the RNA nt +1-560 from the pBDG433 using a forward primer F-miniRNA (Supplementary Table S2) containing an SP6 promoter sequence followed by 5 Ty1 RNA sequence and a reverse primer R-miniRNA. RNA was synthesized using SP6-MEGAscript (Ambion) and purified using Direct-zol RNA MiniPrep Kit (Zymo Research). Purified RNAs were stored at −20 • C until use.
Sedimentation assays
A total of 10 nM 32 P-labeled Ty1 mini RNA was incubated with different amounts of Ty1 Gag derived proteins (0-1 M) in a buffer containing 50 mM Tris-HCl pH 7.5, 20 mM NaCl and 0.2 mM MgCl 2 at 24 • C for 10 min. Subsequently, the mixtures (10 l) were centrifuged for 20 min at 12 000 g. Supernatants (2 l) were collected and subjected to scintillation counting. For the assay using heterologous substrates, 10 nM 32 P-labeled TAR1(−) was combined with 40 nM complementary unlabeled TAR1(+). Ty1 Gag derived proteins (0-1 M) were added and sedimentation was performed as described above.
Filter binding assays
All reactions were carried out in binding buffer containing 50 mM Tris-HCl pH 7.5, 40 mM KCl, 2 mM MgCl 2 , 0.01% Triton X-100 and different concentrations of NaCl (10, 50, 100, 150, 200, 250, 500 mM). 32 P-labeled Ty1 mini RNA (0.4 nM) was incubated for 5 min at 95 • C without magnesium ions and Triton X-100 and slowly cooled to 37 • C. MgCl 2 and Triton X-100 were added to the final concentration of 2 mM and 0.01% respectively, followed by incubation for 10 min at 37 • C. The Ty1 protein solutions were prepared by diluting an appropriate amount of protein stock into binding buffer. Further dilutions were obtained by sequential twofold dilutions. The binding reaction was initiated by mixing the same volumes of RNA and Ty1 protein solution in a microplate. Final concentration of RNA in the reaction was 0.2 nM. The reactions were incubated for 15 min at 24 • C and then 30 l of each binding reaction was filtered and washed with 400 l of binding buffer. A 96-well filter block (Minifold, Whatman) was used to determine the dissociation constant for Ty1 proteins binding to Ty1 mini RNA. Membranes used were top nitrocellulose (Protran, Whatman) and bottom charged nylon (Hybond N+, GE Healthcare). Both membranes were soaked in binding buffer prior to use. Binding reactions were performed in rows of 8 in a 96-well microplate. After filtration the membranes were dried and exposed to a phosphoimager screen. Data were fitted to the Hill equation using Origin (OriginLab) software.
Hydroxyl radical footprinting
RNA samples (5 pmol) were refolded by heating at 95 • C for 1 min followed by incubation for 25 min at 37 • C in a buffer containing 40 mM Tris-HCl, pH 8.0, 130 mM KCl, 0.5 mM EDTA and 5 mM MgCl 2 . Folded Ty1 mini RNA samples were diluted 20× with 20 mM Tris-HCl, pH 8.0. Subsequently, 50 or 100 pmols of CTR, AUG2p18 or AUG1p18 (6 l in the protein buffer containing 50 mM Tris-HCl, pH 8.0, 1 M NaCl, 10 mM ␤-mercaptoethanol, 2.5 mM DTT) were added to a 70 l reaction. As a control for non-specific cleavage, buffer was added instead of protein. RNA/protein complexes were formed by incubating 20 min at 0 • C. To initiate footprinting reactions, 1.5 l of 2.5 mM (NH 4 )Fe(SO 4 ) 2 , 50 mM sodium ascorbate, 1.5% H 2 O 2 and 2.75 mM EDTA were applied on the wall of the tube followed by centrifugation (33) . Reactions were incubated for 15 s at 24 • C and quenched by addition of thiourea and EDTA to final concentrations of 20 mM and 40 mM, respectively. RNA were purified using Direct-zol RNA MiniPrep Kit (Zymo Research).
Detection of cleavage products and data processing
A total of 10 pmols of fluorescently labeled primer PR3 ( Supplementary Table S2 ) was added to the 2 pmols of RNA [Cy5 (+reagent) and Cy5.5 (−reagent)] and 12 l of primer-template solutions were incubated at 95 • C for 3 min, 37 • C for 10 min and 55 • C for 2 min and reverse transcribed as described previously (34) . Sequencing ladders were prepared using primers labeled with WellRed D2 (ddA) or LicorIR-800 (ddT) and a Thermo Sequenase Cycle Sequencing kit (Affymetrix) according to the manufacturer's protocol. Samples and sequencing ladders were purified using ZR DNA Sequencing Clean-up Kit (Zymo Research) and analyzed on a GenomeLab GeXP Analysis System (Beckman-Coulter). Electropherograms were processed as described (35) . At least four repetitions were obtained for each read.
TAR annealing assays
Substrates were refolded by heating at 95 • C for 2 min and 37 • C for 10 min following addition of buffer A (20 mM Tris-HCl, pH 7.2, 30 mM NaCl, 0.1 mM MgCl 2, 10 M ZnCl 2 and 5 mM DTT). To the 32 P-labeled antisense TAR(−) DNA oligonucleotide (1 nM), complementary unlabeled RNA or sense DNA (6 nM) was added. Reactions were incubated in buffer A with increasing Ty1 protein concentrations (0-0.6 M) at 24 • C for 5 min. The reactions (10 l) were chilled on ice. Subsequently, 5 l of Stop Solution (20% glycerol, 20 mM EDTA pH 8.0, 0.2% SDS, 0.25% bromophenol blue and 0.4 mg/ml yeast tRNA) was added to denature proteins and induce their release from the oligonucleotides. Samples were analyzed by native polyacrylamide gel electrophoresis (8%) in 0.5× TBE at 4 • C (DNApointer, Biovectis).
tRNA i Met /Ty1 RNA annealing assays
The 32 P-labeled tRNA i Met and Ty1 mini RNA (560 nt) were separately refolded in 50 mM Tris-HCl (pH 7.5) by heating at 95 • C for 1 min and slow cooling to 60 • C, followed by addition of MgCl 2 to 2 mM, placement on ice and subsequent incubation at 37 • C for 10 min. Refolded RNAs were placed on ice and tRNA i Met (5 nM) was combined with Ty1 mini RNA (10 nM) in a solution containing 50 mM Tris-HCl, pH 7.5, 20 mM NaCl and 1 mM MgCl 2 . Initially, RNAs were incubated at 37 • C for 10 min. Upon addition of protein, the annealing reaction proceeded at 37 • C for another 10 min. Reactions were quenched by incubation with 1% (w/v) SDS at room temperature for 3 min. The samples were phenol/chloroform-extracted twice, mixed with 2 l of 50% glycerol and separated on an agarose gel in 1× TBE-SDS buffer at 22 • C.
GST-pulldown
Glutathione S-transferase (GST) pulldown analysis was performed as described previously (22) . Briefly, pGST [pEG(KT)], pGST-CTR (pBDG1496) and pAUG1p18 (pBDG1608; pAUG1p18/TRP1) or psAUG1 [(deleted C-DR p18) pBDG1612; psAUG1/TRP1] were introduced into DG3582 by transformation. Cells were grown in SC-Ura-Trp + 2% Galactose for 2 days at 22 • C after preculturing in SC-Ura-Trp + 2% Raffinose overnight at 30 • C. To determine if the CTR interacts with p18, GSTcomplexes were analyzed by immunoblotting using mouse monoclonal antibody GST/B-14 (Santa Cruz Biotech) or rabbit polyclonal p18 antibody (22) .
Ty1 RNA dimerization assays
The 32 P-labeled Ty1 RNA (1 pmol) and tRNA i Met (2 pmols) were refolded separately in 50 mM Tris-HCl (pH 7.5) by heating at 95 • C for 1 min and slow cooling to 60 • C, followed by addition of MgCl 2 to 2 mM, placement on ice and subsequent incubation at 37 • C for 10 min. RNAs were combined in the solution 25 mM Tris-HCl, pH 7.5, 30 mM NaCl, 0.25 mM MgCl 2 . Upon addition of proteins, at the indicated concentrations, reactions were incubated at 37 • C for 30 min. Reactions were quenched by incubation with 1% (w/v) SDS at 24 • C for 3 min. The samples were phenol/chloroform-extracted twice, mixed with 2 l of 50% glycerol and separated by agarose gel electrophoresis in 0.5× TB buffer at 24 • C.
Competitive tRNA i
Met /Ty1 RNA annealing The 32 P-labeled tRNA i Met and Ty1 mini RNA were prepared as described for tRNA i Met /Ty1 RNA annealing assays. Proteins were combined in the buffer containing 0.5 M NaCl and 25 mM Tris-HCl, pH 8.0 and incubated together for 5 min at 24 • C. After addition of the proteins to the RNAs annealing reaction proceeded at 37 • C for another 10 min. Reactions were quenched by incubation with 1% SDS at 24 • C for 3 min. The samples were phenol/chloroformextracted twice, mixed with 2 l of 50% glycerol and separated on an agarose gel in 1× TBE-SDS buffer at 24 • C. All gels and membranes were autoradiographed and quantitatively analyzed by phosphoimaging using FLA-5100 phosphoimager with MultiGaugeV 3.0 software (FujiFilm). In all cases, at least three independent experiments were performed and the data presented are representative of the whole.
VLP nuclease protection
DG3582 containing pGTy1his3-AI alone and pAUG1p22 or pAUG1p18 plasmids were grown as described above, except galactose cultures were incubated at 20 • C. Nuclease protection was performed as described previously (36, 37) . Briefly, cells from 10 ml galactose-induced culture were disrupted with acid-washed glass beads and vortexing in lysis buffer (10 mM Tris-HCl pH 7.5, 100 mM KCl, 10 mM EDTA) containing 60 units/ml of RNasin Plus RNase Inhibitor (Promega) and protease inhibitor cocktail (0.125 mg/ml Aprotinin, Leupeptin, Pepstatin and 1.6 mg/ml PMSF) at 4 • C. Whole cell extract, obtained after centrifuging the lysate at 500 g for 5 min was divided into two aliquots. One aliquot was treated with 75 units of benzonase (EMD Millipore) in reaction buffer (10 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 50 mM NaCl) while the other was not. Both aliquots were incubated at 22 • C for 11 min. Reactions were terminated by adding 5 l of 0.5 M EDTA. Total RNA extraction and northern analysis were performed as described above. Nuclease protection assays were repeated three times and representative results are shown. Whole cell extracts used for nuclease protection was also immunoblotted to detect Gag proteins as described previously (22) .
RESULTS
p22 synthesis initiates at either of two closely spaced start codons
We discovered the Ty1 restriction factor p22 using plasmid pGPOL that is repressed for Ty1 mRNA transcription but allows synthesis of Ty1i RNA (22) . pGPOL is a multicopy plasmid containing GAG fused to the regulatable GAL1 promoter and is deleted for most of POL ( Figure 1A ). Ty1-less cells repopulated with a single Ty1 element tagged with the retrotransposition indicator gene his3-AI (38) and harboring an empty vector, pGPOL or a series of mutations affecting translation of p22 from either AUG1 (nt 1038) or AUG2 (nt 1068) were grown in medium containing the repressing carbon source glucose and analyzed for Ty1his3-AI mobility ( Figure 1B ) and production of p22 ( Figure 1C ). AUG1 and AUG2 were mutated to GCG-alanine individually or together, and a +1 frameshift mutation was introduced between AUG1 and AUG2 (pAUG1fs-P ; +C1040), which introduced a stop codon upstream of AUG2. As expected, Ty1his3-AI mobility decreased about 70-fold (Table 1) when cells containing pGPOL were compared with an empty vector control or when both AUG's were converted to GCG-alanine (22, 30) . However, pGCG1AUG2-P , pAUG1GCG2-P and pAUG1fs-P inhibited Ty1his3-AI mobility between 26-and 91-fold. Immunoblotting was performed with total protein extracts from the strains with antisera against p18 (anti-p18), the processed form of p22 (22) , which also reacts with full-length Gag p49/p45) or histidyl tRNA synthetase (anti-Hts1), which was used as a loading control ( Figure  1C ). p22 was detected in all strains except those containing an empty vector or pGCG1GCG2-P . Although we could not detect p18 due to the low level of Ty1 PR expressed from a chromosomal Ty1 element (38) , p22 and p18 are both potent inhibitors of Ty1 transposition (22) . Full length Gag from the chromosomal Ty1his3-AI element was also detected in the strains. Together, our results show that both AUG codons expressed from Ty1i mRNA are used to produce the p22 restriction factor.
Segments of GAG capable of inhibiting Ty1his3-AI mobility in trans
To determine if additional Gag regions inhibited Ty1his3-AI mobility, phylogenetic comparisons between Gag proteins from different Pseudoviridae (19) , predicted proteinfolding patterns using XtalPred (http://ffas.burnham.org/ (22), but contains GAG, including sequences required for transcribing Ty1i RNA and cleavage of p22 to p18 by Ty1 protease (PR). (B) pGPOL (URA3, 2) plasmids were introduced into a Ty1-less Saccharomyces paradoxus strain containing a single chromosomal Ty1his3-AI element. Cells propagated on glucose are repressed for transcription of Ty1 mRNA from GAL1 promoter, but allow synthesis of Ty1i RNA and p22/p18. Ty1his3-AI mobility analyses using this assay are shown in Table 1 . (C) Total cell protein isolated after growth in SC-Ura medium for 2 days at 22 • C was immunoblotted with p18 antiserum (anti-p18). Histidyl tRNA synthetase (anti-Hts1) served as a loading control. XtalPred-cgi/xtal.pl) (39) and location of the p22/p18 restriction factor (22) and NAC region (21) were used to choose segments suitable for producing recombinant proteins ( Figure 2 ). Phylogenetic comparisons show that homology blocks A, B and C are located in the C-terminal half of Gag with a highly conserved tryptophan (W) at position 184 (Figure 2A ) in block A (19) . However, we were unable to assign Ty1 amino acid coordinates to the homology blocks due to divergence of Ty1 Gag sequence when compared with other Pseudoviridae Gag proteins. The protein folding predictions suggest that Gag consists of a disordered NTR and an ␣-helical CTR followed by another disordered segment (C-DR), which is present in the NAC region. When mature Gag-p45, the NTR, the CTR or a shortened (s) CTR lacking C-DR residues from the NAC region were expressed from the GAL1 promoter on a multicopy expression plasmid (pYES2) along with pGTy1his3-AI ( Figure 2B ), Ty1 mobility decreased modestly if at all when compared with an empty pYES2 vector control (Table 2) . These results suggest that the inhibitory effect conferred from expression of GAG or GAG segments is specific for the p22 region and is not a general property associated with the capsid gene.
To determine if AUG1 or AUG2 were also responsible for p22/p18 synthesis in this context, wild-type and mutant versions of the p18 coding region (Figure 2A) were fused to the GAL1 promoter of pYES2, which also includes the GAL1 5 untranslated region (UTR) and the CYC1 transcriptional terminator and analyzed for Ty1 mobility (Table 2) . As expected from previous results (22) (Figure 1 and Table  1) , including AUG1 and AUG2 in the expression plasmid (pAUG1p18) resulted in a 39 000-fold decrease in Ty1his3-AI mobility. However, expression from AUG2 (pAUG2p18) in the absence of AUG1 and the 30 intervening nucleotides decreased transposition only 27-fold, suggesting that either protein content or expression accounts for loss of over 1400-fold potency when compared with pAUG1p18. To further understand the sequence requirements responsible for loss of inhibition, GCG-alanine was substituted for either or both AUG codons (pAUG1GCG2, pGCG1AUG2 and pGCG1GCG2). Expressing pAUG1GCG2 inhibited Ty1his3-AI mobility 43-fold, while pGCG1AUG2 restored inhibition to over 5000-fold (Table 2) , raising the possibility that AUG2 is used preferentially to initiate synthesis of p18 when fused to the pYES2 GAL1 promoter segment and the intervening nucleotides between AUG1 and AUG2 increase translation initiation. This view was reinforced by analyzing a AUG1p18 derivative containing a frameshift mutation (+C1040) (Figure 2A ) that was inserted between AUG1 and AUG2 (pAUG1fs), as described above (Figure 1 ). Expressing pAUG1fs inhibited mobility 11 000-fold, which is comparable to that obtained with pAUG1p18 (Table  2) . To determine the minimal p18 coding region inhibited Ty1his3-AI mobility, the C-DR was deleted from AUG1p18 (psAUG1) and AUG2 (psAUG2) (Figure 2) . Even though the coding sequence was reduced to 96 codons (11 kDa) and lacked half the NAC region, robust inhibition was detected as long as the AUG1-AUG2 interval (psAUG1) was present. As expected, replacing both candidate start codons with GCG (pGCG1GCG2) abolished inhibition.
Immunoblot (Figure 2C and Supplementary Figure S1 ) and northern (Supplementary Figure S2) analyses were performed using cells induced for expression to detect the relative amounts of Gag proteins and transcripts from the pYES2-GAG derivatives and pGTy1his3-AI. Yeast Hts1
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(histidyl tRNA synthetase) served as an internal standard for comparing different levels of Gag. Gag proteins were detected with either the TY-tag (40) or p18 (22) antisera in cells expressing the full-length Gag or Gag-derivatives, with the exception of the sCTR and the GCG1GCG2 mutant. Both the CTR and sCTR inhibited Ty1 mobility close to seven-fold (Table 2) , however, the sCTR was not detected by immunoblotting whereas the CTR was ( Figure 2C) . These results raise the possibility that the sCTR is inhibitory but present in a low amount, perhaps due to the low level of mRNA produced from psCTR and instability of the sCTR protein. Mature Gag-p45 produced from pYES2 (p45) and pGTy1his3-AI are of the same size and therefore indistinguishable, but a shorter exposure of the filter revealed less Gag-p45 in the strain expressing just pGTy1his3-AI when compared with the strain expressing Gag-p45 from both p45 and pGTy1his3-AI (Supplementary Figure S1 ), suggesting both plasmids express Gag. A strain expressing only p45 also displayed full-length Gag (data not shown). The level of p18 and derivatives containing mutations in AUG1 (pGCG1AUG2), AUG2 (pAUG1GCG2) or the +C1040 frameshift (pAUG1fs), as well as the C-terminal truncations sAUG1 (psAUG1) and sAUG2 (psAUG2) correlated with the level of inhibition ( Figure 2C , Supplementary Figure S1 and Table 2 ). For example, a low level of protein and inhibition of Ty1 mobility resulted from expression of pAUG2p18 and pAUG1GCG2 when compared with pAUG1p18, pGCG1AUG2 and pAUG1fs. p18 appeared in two forms (denoted by the asterisk, Figure 2C and Supplementary Figure S1 ) in several derivatives (pAUG1p18, pGCG1AUG2 and pAUG1fs): a major reactive protein and a minor slower migrating variant (see Supplementary Fig ure S1 for a shorter exposure of the filter). The composition of the minor variant will require further study, however, the variant probably does not derive from initiation at AUG1 since it is present in the pGCG1AUG2 and pAUG1fs mutants.
To determine the relative amount of Ty1 RNA from the pYES-GAG expression plasmids, total RNA isolated from galactose induced cells was subjected to northern analysis using a 32 P-labeled riboprobe derived from Ty1 GAG (Supplementary Figure S2) . The RNA levels varied over a three-fold range for most of the strains (pCTR, pAUG1p18, pAUG2p18, pAUG1GCG2, pGCG1AUG2, pGCG1GCG2 and pAUG1fs) when compared with the Ty1his3-AI transcript. The psCTR, psAUG1 and psAUG2 produced low levels of mRNA, which likely contributes to the reduced levels of p18 and inhibition of Ty1 mobility.
The level of inhibition and protein production observed from expression of different Gag regions ( Figures 1C and  2C, Supplementary Figure S1 , and Tables 1 and 2) guided our choice of recombinant proteins to analyze biochemically for RNA interactions in vitro and VLP assembly in vivo. Therefore, we purified the CTR, sCTR, AUG1p18, AUG2p18 and sAUG2 as N-terminal fusions to a 6x-His affinity tag in E. coli by metal chelate chromatography (Supplementary Figure S3 ). The recombinant proteins remained soluble in 1 M NaCl and were used to characterize RNA binding properties and NAC activity. The Ty1 CTR was used for NAC analysis, since we were unable to purify soluble full-length Ty1 Gag p45 at high concentration. This problem has only recently been overcome for producing soluble full-length HIV Gag-p55 (41) .
Translation of p22 is cap-dependent in vitro
Translational activity of two closely spaced AUG1 and AUG2 in Ty1i RNA observed in vivo raised the possibility that alternative initiation events could be involved in p22 translation (Figure 1 ). To gain further insight on how AUG1 and AUG2 codons are utilized, we analyzed the requirement of the 5 cap structure for translational activity in vitro (Figure 3 ). Model Ty1 RNA templates were synthesized that contain AUG1 and AUG2. Those templates start at the reported Ty1i initiation site (Ty1 nt 1000) (22) and end at the natural stop codon for Gag. Uncapped AUG1AUG2 RNA was poorly translated in WGE (Figure 3 Lane 2). However, the translation level of p22 increased almost 20-fold when a 5 cap was present and approached 80% of the translation activity of a leaderless, capped Renilla Luciferase control RNA (Figure 3 , Lane 1 and 3). This observation suggests that p22 translation occurs via a cap-dependent process. We corroborated this result by translation of AUG1AUG2 RNA capped with a non-physiological ApppG cap or in the presence of 500 M m 7 GpppG cap analog in the translation reaction. ApppG cap reduces binding of the eIF4E initiation factor to the 5 end of RNA while preincubation of WGE with m 7 GpppG results in eIF4E entrapment, which leads to inhibition of cap-dependent translation process (42, 43) . In both cases, translation was downregulated to a level comparable with the uncapped RNA, further supporting cap-dependence of p22 synthesis (Figure 3 , Lane 4 and 5). To investigate whether both AUGs share similar cap-dependent translation activity, we mutated AUG1 (RNA GCG1AUG2) or AUG2 (RNA AUG1GCG2) by introducing GCG-alanine. Both mutant RNAs were also translated in a cap-dependent manner (Figure 3 , Lanes 6-13). The level of p22 synthesis from both RNAs was similar. However, in both cases the combined translation level (RNA GCG1AUG2 + RNA AUG1GCG2) for capped transcripts reached only 30% of the initial value calculated for the capped AUG1AUG2 RNA. This result might be caused by perturbations in RNA structure of the region containing AUG1 and AUG2 codons.
Aggregation of RNA by Gag-derived proteins
One of the principal components of NAC activity of retroviral nucleocapsid proteins is the ability to aggregate NA, leading to an increase in their local concentration (14, 44, 45) . A sedimentation assay (21, 46, 47) was used to directly examine NA aggregation properties of Ty1 Gagderived proteins. 32 P-labeled Ty1 mini RNA (nt 1-560), which contains the cis-acting sequences required to initiate reverse transcription in vivo (31) , was incubated at 24 • C with increasing amounts of Ty1 proteins. We used a relatively low temperature for these reactions to approach the optimal temperature for Ty1 transposition (48) . Aggregates were pelleted by centrifugation, whereas unbound RNA and protein remained in the supernatant. The CTR and AUG2p18 proteins aggregated Ty1 mini RNA with similar efficiency ( Figure 4A ). In both cases, ∼80% of RNA aggregated at 1:9 protein to nucleotide molar ratio. AUG1p18 showed slightly lower aggregation efficiency, however, the sCTR was unable to direct aggregation. To confirm that the NA aggregation properties of Ty1 Gag derived proteins are, as observed for NACs, sequence non-specific (44, 45) , sedimentation assays were also performed with NA derived from the HIV-1 TAR region ( Figure 4B ). Similar aggregation efficiency was observed for the CTR and AUG2p18 proteins, where ∼80% of RNA aggregated at 1:9 protein to nucleotide molar ratio. AUG1p18 showed lower aggregation efficiency and sCTR did not direct aggregation. As mentioned above (Figure 2A) , the sCTR lacks almost half (48/103) of the NAC region defined previously (21) . Deleting two basic amino acid clusters at C-terminus of the sCTR likely explains the differences seen between the sCTR and CTR, AUG1p18 and AUG2p18. For retroviral nucleocapsid proteins, an electrostatic model of protein-induced NA aggregation has been proposed (44, 45) . The N-terminal basic regions of HIV-1 and HIV-2 nucleocapsid proteins (NCp7 and NCp8) are thought to be crucial for both NA aggregation and chaperone activity. Deletions or mutations of basic residues led to significant decrease of chaperone activity (47, (49) (50) (51) .
Annealing of model substrates derived from HIV-1
NACs promote annealing of complementary or partially complementary NA strands. Annealing of HIV-1 TAR(−) DNA to a complementary TAR RNA or TAR(+) DNA is typically used as model assay to study the NAC activity (52-55) ( Figure 4C ). This in vitro model mimics the first strand transfer of reverse transcription. The TAR oligonucleotides can fold to form stable hairpin structures but spontaneous formation of the TAR(−) DNA/TAR RNA duplex in vitro is extremely slow at physiological conditions. However, addition of a NAC protein significantly accelerates the annealing rate (56, 57) . We tested the effect of CTR, sCTR, AUG2p18 and AUG1p18 proteins on annealing of HIV-1 TAR(−) DNA to TAR RNA ( Figure 4D and E). The oligonucleotides were incubated at 24 • C for 5 min with increasing protein/nucleotide molar ratios and products were separated on non-denaturing gels. The CTR protein effectively accelerated the formation of TAR(−) DNA/TAR RNA duplex and 75% of annealing was observed at a 1:4 CTR to nucleotide ratio. A slight increase in CTR concentration (1:3) resulted in a 90% annealing efficiency. As predicted from the aggregation assay, the sCTR failed to accelerate annealing of the TAR hairpins ( Figure 4D and E). AUG2p18 displayed reduced annealing activity when compared with the CTR, despite the presence of the NAC region or if AUG2p18 was added at a higher molar ratio (1:1). Interestingly, the annealing activity of AUG1p18 was much lower than that of AUG2p18 and at the same molar ratio (1:1), even though AUG1p18 and AUG2p18 only differ by 10 residues at their N-terminus.
To compare our results with data obtained previously for Gag peptide TYA1-D (21), we determined the effect of the CTR and AUG2p18 in the annealing of TAR(−) DNA and TAR(+) DNA at 30 • C for 10 min. Both proteins effectively facilitated annealing of this simplest substrate pair, how- ever the difference in their activity was still evident (Supplementary Figure S4 ). More than 70% of TAR DNA strands were annealed at the CTR to nt molar ratio of 1:8, but only 20% at the same concentration of AUG2p18. Studies of the retroviral NCp7 protein demonstrated that 1 protein per 5-8 nt is required for optimal chaperone activity (15, 52, 58, 59) , which is comparable to our results with the CTR.
Distinct RNA binding properties of the p18 proteins
One of the key features of RNA chaperone proteins is their ability for non-specific interactions with NA that can be altered by competing cations (59, 60) . Since Ty1 proteins derived from Gag possess different chaperone activities, perhaps it is because they bind RNA differently. Therefore, we determined the average dissociation constants for RNA/protein complexes using a double-membrane filter-binding assay ( Figure 5A-D) (61) . The binding reactions contained 32 P-labeled Ty1 mini RNA, the CTR ( Figure  5A ), AUG2p18 ( Figure 5B ) or AUG1p18 ( Figure 5C ) and NaCl concentrations ranging from 10-500 mM. The three Gag derivatives displayed similar binding affinities to Ty1 mini RNA (K d ∼7 nM) in 10 and 50 mM NaCl ( Figure  5D and Supplementary Table S3 ). However, at salt concentrations between 100-250 mM, a trend emerged where the CTR had the lowest K d , AUG1p18 was intermediate and AUG2p18 was highest (∼46, ∼72, ∼650 nM at 250 mM NaCl, respectively). Furthermore, the binding of AUG2p18 was most sensitive to salt since its K d varied more than 100-fold with increasing salt concentration. In contrast, the change in K d for AUG1p18 with increasing salt resembled the CTR rather than AUG2p18. The K d in increasing salt represents the binding conditions where electrostatic interactions are increasingly masked by salt and the higher con- tribution to binding comes from specific contacts such as hydrogen bonds or aromatic residue stacking (62) . Together, these results suggest that AUG2p18 binding is relatively non-specific and focuses our attention on the role that the 10 additional residues (MKILSKSIEK) present in AUG1p18 play in RNA binding. However, the chemically synthesized peptide (p1; MKILSKSIEK) did not bind Ty1 RNA even at 10 M concentration ( Supplementary Figure S5) , suggesting that multiple protein regions contribute to modulating the RNA binding by the NAC region. None of the proteins bound RNA at 500 mM NaCl. Moreover, neither the sCTR nor sAUG2 bound Ty1 mini RNA even in low salt (Supplementary Figure S5 ), demonstrating critical role of C-DR in RNA binding.
To further investigate differences in binding of Ty1 Gag derived proteins to the Ty1 mini RNA, binding sites were mapped using hydroxyl radical probing ( Figure 5E and F) . Overall reactivity profiles for RNA in the presence or absence of CTR, AUG1p18 or AUG2p18 were compared to reveal protected sequences. Several regions displayed decreased susceptibility to hydroxyl radical cleavage in the presence of CTR. The strongest effect was observed in the Nucleic Acids Research, 2015, Vol. 43, No. 15 7425 RNA strands forming a pseudoknot structure, which is critical for the Ty1 retrotransposition (32, 35) . However several other regions displayed smaller but reproducible reactivity differences spanning several consecutive nucleotides (Figure 5F, Supplementary Dataset 1) . Those motifs correspond well with the proposed Ty1 Gag binding sites revealed by probing RNA in VLPs and in the protein-free state using SHAPE (35) . Interestingly, we found reactivity differences within the same regions of Ty1 mini RNA in the presence of p18 proteins ( Figure 5E and F, Supplementary Dataset 1) . Therefore, our data suggest that all analyzed proteins bind within the same regions of Ty1 mini RNA in vitro.
p18 activity in the tRNA i Met annealing to Ty1 RNA is compromised
Ty1 uses a retroviral-like mechanism to initiate reverse transcription, where yeast tRNA i Met anneals with a multipartite PBS on Ty1 RNA (35) and acts as a primer (63) . To further investigate NAC activity of Ty1 Gag derived proteins, we used an assay that mimics the annealing of tRNA i Met to Ty1 RNA during Ty1 retrotransposon replication. Unmodified tRNA i Met was 3 -end labeled with 32 P and incubated with a Ty1 mini RNA in the presence of recombinant Ty1 Gag derived proteins. The annealed products were analyzed by agarose gel electrophoresis following removal of proteins from the reaction. The CTR enhanced annealing of primer tRNA i Met with the PBS of Ty1 RNA ( Figure 6A and B) . At a molar ratio of 1:4, about 50% of tRNA i Met annealed with Ty1 mini RNA. Further increasing the molar ratio of the CTR (1:2) raised the annealing efficiency to ∼80%. In contrast, at the same concentration only 40% annealing was observed for AUG2p18 and <15% for AUG1p18. Although both restriction proteins enhanced tRNA i Met annealing, AUG1p18 displayed significantly weaker NAC activity. Furthermore, even increasing the molar ratio of AUG2p18 or AUG1p18 to 1:1 did not increase tRNA i Met annealing to a level comparable with that observed for the CTR. As expected, the sCTR was unable to promote tRNA i Met annealing, supporting the key role of the C-terminal 48 residues in the NAC activity of Ty1 Gag-p45.
p18 proteins impact the CTR chaperone activity in vitro
Since forms of p18 inhibit Ty1his3-AI mobility in vivo (Tables 1 and 2) , we determined whether recombinant AUG1p18, AUG2p18 or sAUG2 inhibited NAC activity of the CTR in vitro ( Figure 6C , D and Supplementary Figure  S6 ). To simplify the experiment, the CTR was preincubated with increasing amounts of sAUG2, which lacks chaperone activity and RNA binding (Supplementary Figure S5 ) but retains restriction activity (Table 2) and then the NAC activity of the mixture was assessed by annealing 32 P-labeled tRNA i Met with Ty1 mini RNA ( Figure 6C and D) . At a 1:4 CTR to sAUG2 ratio, the efficiency of tRNA i Met annealing decreased from 40 to 25%. Since AUG1p18 and AUG2p18 possessed some NAC activity (Figure 4) , we hypothesized that there may be an additive increase in tRNA i Met annealing if the CTR and p18 proteins did not interact and were present in non-saturating conditions with respect to RNA binding (refer to Figure 6A and B). For example, 1.5 M CTR and 3 M AUG2p18 each enhance annealing to about 40%, therefore, the mixture should result in 80% annealing if the proteins do not interact. However, no increase in annealing was detected when AUG1p18 or AUG2p18 were mixed with the CTR in several different molar ratios (Supplementary Figure S6 ). Therefore, when p18 and CTR proteins were both present, 7.5 M protein concentration was required to observe the same annealing activity as was displayed by CTR alone at 1.5 M. Taken together, our results support the view that p18 inhibits NAC activity of the CTR, and that inhibition is mediated by p18-CTR interactions.
GST-pulldowns support an interaction between the CTR and p18
To further explore the interaction between Gag and p18 (22) , a fusion protein consisting of the CTR tagged on its N-terminus with glutathione S-transferase from Schistosoma japonicum (64) was expressed from the GAL1 promoter (pGST-CTR) in a Ty1-less strain that also expressed pAUG1p18 ( Figure 7A ) or psAUG1 (deleted C-DR p18; Figure 7B ). Free glutathione S-transferase (pGST) was coexpressed with pAUG1p18 or psAUG1 as negative controls. Protein extracts were immunoblotted using antisera specific for GST, p18 or Hts1 prior to mixing with glutathionecoated resin (Input) or released from GST complexes bound to resin after several washes in lysis buffer (Pull-down). Unexpectedly, we observed a faster migrating p18 derivative (∼12.5 kDa, denoted *), whose appearance correlated with coexpression of free GST or GST-CTR (Supplementary Figure S7 ). The aberrant p18 protein was not investigated further, however, expression of AUG1p18 alone yielded the expected product, as did expression of GST-CTR and GST alone. GST-CTR formed a complex with p18 that was detected with anti-p18 antibodies, whereas the aberrant form did not. To further define the region of p18 that interacts with the CTR, pull down analysis was performed with cells expressing GST-CTR and psAUG1 ( Figure 7B ). Note that psAUG1 produces a protein lacking the C-DR ( Figure 2 ) and RNA binding/NAC activity, but inhibits Ty1 mobility more than 8000-fold ( Table 2 ). The pulldown analysis showed that p18 deleted for the C-DR also interacted with GST-CTR. Hts1 was used as a control for non-specific trapping of cellular proteins in the GST complexes and, as expected, was detected only in the input samples. Our results suggest there is an interaction between the CTR and p18 and the interaction does not require the NAC region of p18.
p22/p18 affects Ty1 RNA dimerization and packaging
Since the CTR interacts with p18, we determined if Ty1 RNA packaging might be affected by the Ty1 restriction factor. Ty1 RNA is dimeric in VLPs (4) and RNA dimerization is considered prerequisite for the RNA packaging (65), therefore, we performed in vitro dimerization assays to assess the influence of Gag derived proteins. Cristofari et al. demonstrated that TYA1-D peptide promotes Ty1 RNA dimerization when tRNA i Met is present in the reaction mixture (21) . Therefore, we reconstituted the previously described in vitro dimerization system. 32 P-labeled Figure S7 ).
Ty1 mini RNA was combined with tRNA at 1:2 molar ratio and incubated with increasing concentrations of CTR, AUG1p18 or AUG2p18 (Figure 8A) . At a molar ratio of 1:20 about 25% of Ty1 mini RNA dimer was observed with CTR but only about 10% with AUG2p18 and <5% with AUG1p18 ( Figure 8A and B ). Further increase in the molar ratio of the CTR to 1:7 raised the dimerization efficiency to ∼30%. In contrast, only 20% annealing was observed for AUG2p18 and about 10% for AUG1p18 at the same concentrations. Further increases in the protein concentration also did not promote dimer formation. A low level of dimeric RNA structures formed in the presence of p18 proteins and their lower chaperone activity support the notion that p18 proteins negatively influence RNA transactions required for VLP assembly.
To examine Ty1 RNA packaging in vivo, cell extracts containing VLPs assembled in the absence or presence of p22/p18, which result from co-expressing pGTy1his3-AI and an empty vector, or pAUG1p22 and pAUG1p18, were treated with the nuclease benzonase. Total RNA ( Figure  8C ) and protein ( Figure 8D ) was subjected to northern and immunoblot analyses using Ty1 specific probes or antibodies. Hybridization signals were normalized to mock-treated samples treated in parallel. Benzonase activity was monitored by degradation of cellular ACT1 transcripts or control extracts spiked with Ty1 RNA synthesized in vitro (35) . Equivalent levels of Gag-p49/p45 were present in the samples. p22 and its processed form p18 (22) were detected in extracts from cells expressing AUG1p22, as was p18 in cells expressing AUG1p18. The Hts1 protein served as a loading control. As expected, Ty1 RNA decreased about twofold when extracts from cells lacking p22/p18 were treated with benzonase. However, co-expression of p22 or p18 with pGTy1his3-AI resulted in a 10-fold decrease in the level of protected Ty1 RNA. Our results suggest that p22/p18 prevents stable packaging of Ty1 RNA.
DISCUSSION
Here, we investigate the functional organization of Ty1 GAG, the NAC properties of several Gag derivatives and further define how p22/p18 interacts with Gag and inhibits retrotransposition. Although Ty1 Gag and p22 play opposing roles in the process of retrotransposition (22) , the p22/p18 restriction factors are contained within Gag-p49/p45 and share a previously reported NAC domain (21) . We demonstrate that p18 and its short derivatives sAUG1 and sAUG2 impact Ty1his3-AI mobility, and the level of inhibition correlates with the level of protein expression. In contrast, the NTR, CTR segments as well as mature Gag-p45 have a modest effect on Ty1 mobility despite a high level of protein production ( Figure 2C and Table 2 ). Mutational analyses of translation initiation from either Ty1i RNA or when different GAG segments are fused to the GAL1-promoter and its 5 UTR show that although trans-lation initiates at either of two closely spaced AUG codons, the use of either AUG1 or AUG2 is context dependent. Together, these results support the idea that Ty1 GAG evolved a specific organization and expression strategy to produce products both essential and antagonistic for retrotransposon movement.
In vitro translation analyses were used to further understand how AUG1 and AUG2 codons are chosen for initiation. The most profound observation was almost a 20-fold stimulation of p22 synthesis when AUG1AUG2 RNA contained cap structure at the 5 end (Figure 3) , which suggests that the majority of the protein is synthesized in a cap-dependent manner. This finding was further supported by translation where cap-dependent formation of initiation complexes was compromised and p22 protein synthesis was inhibited to the level observed for uncapped RNA (Figure 3 ). Using transcripts with mutations of AUG1 (RNA GCG1AUG2) or AUG2 (RNA AUG1GCG2), we showed that both codons are translated in a cap-dependent manner. However, the combined levels of translation from the capped mutated transcripts reached only 30% of translation from capped AUG1AUG2 RNA (Figure 3) .
Further studies are needed to explain how AUG selection occurs, however one of the possible reasons may be the contribution of the secondary and/or tertiary RNA structure present in the Ty1i 5 UTR and in the 30 nt region span-ning AUG1 and AUG2, and if the AUG mutations alter the structure. This idea is under investigation and is supported by the different levels of p22 detected in vivo from transcripts bearing a mutation in AUG1 or AUG2 and the presence of the Ty1i versus the GAL1 5 UTRs (compare Figures  1 and 2) . The Ty1i RNA 5 UTR extends for about 38 nt upstream of AUG1 (22) , but these sequences were replaced by the GAL1 5 UTR to maximize expression from the wellstudied GAL1 promoter (Figure 2) . The ratio of p22 synthesis was about 1:20 for pAUG1GCG2 and pGCG1AUG2 respectively (Figure 2 ). However expression from constructs using the natural Ty1i 5 UTR (pAUG1GCG2-P and pGCG1AUG2-P ) resulted in equivalent amounts of p22, which was also visible in in vitro translation assay (Figures 1  and 3) . These results suggest that proper folding of 5 proximal region of Ty1i RNA may dictate initiation from AUG1 and AUG2.
The presence of two translationally active AUG codons in Ty1i RNA raises the possibility that an alternative mechanism of translation initiation is involved in p22 synthesis. Our results suggest that translation from AUG1 involves canonical cap-dependent scanning while leaky scanning is the most plausible mechanism for AUG2. Leaky scanning takes place when the first AUG codon is localized in a suboptimal context (66) . Consequently, some of the initiation complexes skip the first AUG codon and translation starts from a downstream AUG present in an optimal context. In the case of Ty1i RNA, this rule is fulfilled since AUG2 is embedded in a better context for the yeast translational apparatus [5 -AAAAAAUGC-3 ] than AUG1 [5 -GAUAUCAUGA-3 ] (67). The leaky scanning mechanism is further supported by the expression of pAUG1fs-P and pAUG1fs in vivo (Figures 1 and 2) . These constructs contain frameshift mutation that introduces a stop codon upstream of AUG2. Hence, full-length p22 can be synthesized only from AUG2. The expression of p22 protein from pAUG1fs-P and pAUG1fs indicate that a significant number of initiation complexes skip AUG1 and start translation from AUG2.
Expression of p18 is complicated by translation from two AUG codons, therefore, recombinant AUG1p18 and AUG2p18 were analyzed for NAC activity as well as RNA binding, along with the CTR and the shorter derivatives sCTR and sAUG2. The CTR displays comparable NAC activity to HIV-1 nucleocapsid protein (NCp7), a canonical chaperone (68, 69) and extends previous analyses performed with Ty1 synthetic peptide TYA1-D from the CTR of Gag-p45 (21) . Interestingly, p18 proteins contain less activity than the CTR even though all proteins contain sequences present in TYA1-D. In addition, p18 proteins and a derivative incapable of RNA binding (sAUG2) decrease the CTR chaperone activity. These results support the idea that one aspect of p18 restriction involves inhibition of Gag-p45 NAC functions by p18/Gag interactions. Our finding that the CTR and p18 interact in the yeast cells further reinforces this notion.
Gag-p45 is the major structural component of Ty1 VLPs (70) and also binds NA in vitro (21, 71) . The 103-amino acid, synthetic peptide TYA1-D is apparently necessary for RNA binding since a Ty1 Gag derivative lacking this part of the protein fails to bind RNA in vitro. Because TYA1-D displays NAC activity, it was proposed that Ty1 Gag helps regulate key steps during retrotransposition. In vitro evidence for its involvement in primer tRNA i Met annealing and reverse transcription (21, 72) , genome cyclization (73) and genomic RNA dimerization (21) was presented. Here, we compared the RNA binding properties and chaperone activity of the C-terminal part of Ty1 Gag-p45 (CTR-230 aa) and newly identified Ty1 proteins AUG2p18 and AUG1p18 that inhibit Ty1 retrotransposition by interfering with VLP assembly, maturation and function (22) . Ty1 Gag contains three clusters of basic amino acids and present in TYA1-D that could mediate RNA binding and chaperone activity (21) . Basic amino acids in the nucleocapsid-like region of the endogenous retroelement Gypsy, which like Ty1 lacks zinc-finger motifs, are required for RNA binding and chaperone activity (11) . Our experiments with the sCTR and sAUG2 show that deleting clusters 2 and 3 abrogate RNA binding (Supplementary Figure S5 ) and NAC activity ( Figures 4A, B , D, E, 6A and B), and strongly support the crucial role of the C-terminal 47 residues ( Figure  2A ; C-DR) in RNA/protein transactions. Interestingly, in the case of the retroviral-like NC from the Ty3 retrotransposon, substituting local sets of charged residues by alanines show that individual residues do not perform essential functions in retrotransposition but the clusters are necessary (74) . The decreased chaperone activity of p18 proteins relative to the CTR suggests that N-terminal end of CTR is also important for activity. The N-terminus of the CTR coincides with C-terminus of the predicted disordered region of the NTR, whose specific functions are not understood. However, other than the C-DR, the rest of the CTR is not sufficient for RNA binding, since the sCTR lacks the C-DR (half of the NAC region) and fails to bind Ty1 RNA. We conclude that the N-terminal segment of the CTR may help regulate NAC activity, participate in VLP assembly most likely by protein-protein interactions and interact with p22/p18 (Figure 7 ) (Mitchell and Garfinkel, unpublished results).
The CTR, AUG2p18 and AUG1p18 display NAC chaperone activity in vitro, however, chaperone activity of the p18 proteins is lower than that of the CTR. The tRNA i Met annealing assays demonstrate larger differences in NAC activity between the CTR and p18 proteins ( Figure 6 ) than the structurally simpler TAR substrates (Figure 4 ). Ty1 and Ty3 contain a bipartite PBS with extensive RNA architecture (35, 73, 75) , potentially requiring more efficient chaperone functions. This might indicate that during Ty1 replication tRNA i Met annealing with PBS is one of the processes inhibited by p18. AUG1p18 and AUG2p18 exhibit different characteristics in RNA binding and chaperone activity. AUG1p18 shows tighter binding of Ty1 RNA but has low chaperone activity, whereas AUG2p18 shows the converse behavior. We do not understand the functional relevance of these reciprocal properties, however, mutational analyses suggest both AUG1p18 and AUG2p18 are produced in yeast and restrict Ty1 transposition (Figure 1 ). It will also be interesting to determine the function of the 10 amino acid extension on AUG1p18, since that is the only difference in primary sequence between the two proteins.
p18 proteins and the CTR bind Ty1 RNA with high affinity at a physiological salt concentration of 150 mM (Fig-ure 5 ), suggesting the possibility that p18 and Gag compete for the same binding sites on Ty1 genomic RNA during the process of retrotransposition. Demonstrating that the CTR and p18 proteins bind Ty1 mini RNA in vitro within the same structural motifs further supports this observation and is also consistent with results obtained in vivo (35) . p22/p18 may interact with unassembled Gag-p45 or VLP assembly intermediates, and therefore, may contain multiple protein-protein interaction domains capable of inhibiting the transactions required to form a functional particle (22) . p18 proteins display lower activity in the Ty1 RNA dimerization ( Figure 6) , which is considered a prerequisite for encapsidation (65) . Moreover, Ty1 genomic RNA in VLPs is much less protected from nuclease degradation when p22 or p18 are present during assembly (Figure 8 ). Importantly, the observations that p18 interacts with both Gag (22) and the CTR ( Figure 7A ), and sAUG2 inhibits CTR chaperone activity ( Figure 6 ) but does not bind NA (Supplementary Figure S5 ) strengthens the notion that proteinprotein interactions between N-terminal portion of p18 and Gag/CTR are major reasons for the transposition inhibition in vivo. In addition, the interaction between the CTR and the sAUG1 derivative of p18 lacking the C-DR ( Figure  7B ), which is responsible for RNA binding and NAC activity, suggests that an RNA bridge does not mediate their association. How p18 proteins inhibit the CTR or Gag-p45 NAC functions remains unclear, but it is tempting to speculate that p18 proteins antagonize the Gag-Gag transitions required to fold RNA into a biologically active structure, which is a feature of NACs (12) . Our data also supports the idea that both strong and weaker defects mediated by p22/p18 collectively contribute to the robust inhibition of Ty1 movement and forms the basis of copy number control.
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